Although energy-rich ultraviolet B (UVB) is considered to be primarily responsible for most of the effects associated with solar radiation, small energy recorded as heat appears to contribute to the biologic effects of solar radiation on the skin. We compared the effects of heat and UVB on normal human melanocyte functions. In monolayer culture the following was found. (i) Heattreated melanocytes showed an increased dendricity and exhibited a larger cell body compared with nontreated melanocytes. (ii) After multiple treatments with UVB (20 mJ per cm 2 , 312 nm) or heat (42°C for 1 h) for 3 d, melanocytes had a lower survival than nontreated melanocytes, but they resumed proliferation within 6 d in the same manner as seen in control. (iii) The expression levels of cell cycle regulators, p53 and p21 proteins, were W hen solar radiation enters into the skin, the skin reacts against this harmful radiation in a protective or reparative manner by inducing erythema, epidermal thickness, and pigmentation. Although UV radiations present in solar radiation, in particular wavelengths in the UVB region, are considered to be responsible for most of the effects associated with solar radiation, visible light and infrared radiation (IR), which have relatively small energy and induce mostly molecular vibration resulting in changes recorded as heat, appear to contribute to the biologic effects of solar radiation on the skin, such as photocarcinogenesis and photoaging (Dover et al, 1989; Morimoto, 1991) .
increased after multiple treatments with UVB or heat. (iv) The tyrosinase (dopa-oxidase) activity per cell was increased after the multiple treatments with UVB or heat. (v) The number of dopa-positive melanocytes in coculture with keratinocytes in epithelial sheets was greatly increased by UVB or heat treatments. (vi) Similarly, the increased number of tyrosinase-related protein 1 positive melanocytes was seen in skin equivalents after UVB (100 mJ per cm 2 ) or heat (42°C for 1 h) treatments for 7 d. These results suggest that heat shares significant biologic activities with UVB in melanocyte functions. These results could be considered as one of the protective or adaptive responses of the skin pigmentary system to the environment. Key words: p53/p21/TRP-1. J Invest Dermatol 110:972-977, 1998 combined (Kligman, 1982) . In contrast, the UVB-induced erythema was reduced by heat treatment at 42°C during or after UVB (Park et al, 1984) . Recently, the attenuation of cell death by heat treatment was reported in cultured keratinocytes, showing short-term protective effect of heat on UVB-induced cell damages (Maytin et al, 1994) .
We now realize that these responses of the skin are related to the induction of a family of specific proteins, named heat shock proteins (HSP). They are universally produced when cells are under stress, such as heat, chemical, and UV radiation (Welch, 1993) . HSP 72 has been shown to be a molecular mediator of heat-induced UVB resistance in human keratinocytes in vitro (Trautinger et al, 1995) . Although the biologic effects of HSP on the skin are still being defined, the importance is emphasized by their ability to interact with a wide variety of other cellular proteins, acting as ''chaperones'' by assisting in both stabilization and conformational change during their synthesis, transport, or degradation (Maytin, 1995) . The interaction between HSP and specific cell-cycle regulatory proteins (Milarski and Morimoto, 1986) , p53 (Finlay et al, 1988; Hansen et al, 1996; Sepehrnia et al, 1996) , nuclear topoisomerase I (Ciavarra et al, 1994) , and cytoskeletal proteins such as actin (Guay et al, 1997) and vimentin (Vilaboa et al, 1997) are likely able to further influence cell growth and differentiation, or to induce apoptosis (He and Fox, 1997) .
The responses of mammalian cells to stress also involve cell-cycle regulatory proteins p53, p21, and GADD45 (Kastan et al, 1991; Dulic et al, 1994; Smith et al, 1995) . The p53 known as ''guardian of the genome'' (Lane, 1992) responds to DNA damages (Kastan et al, 1991) and subsequently transactivates p21, a potent inhibitor of universal cyclin-dependent kinase (Dulic et al, 1994) , to stop the cell cycle progression by blocking transcription from G1 to S in the cell cycle, to presumably provide the time for DNA repair (Lane, 1992) as well as to trigger apoptotic responses for eliminating the cells with misrepaired sublethal damages (Clark et al, 1993; Lowe et al, 1993) . The p53 also activates GADD45 (Kastan et al, 1992) , which associates with proliferating cell nuclear antigen and stimulates DNA excision repair (Shivji et al, 1992; Smith et al, 1995) . More recently, the p21 protein has been shown to inhibit DNA replication by interacting with proliferating cell nuclear antigen (Waga et al, 1994) . In human skin, UV irradiation (1.5-2 minimal erythema dose) induced the accumulation of both p53 and p21 proteins (Hall et al, 1993; Pontén et al, 1995) .
The skin pigmentary system makes up a structural and functional collaborative unit, ''the epidermal-melanin unit,'' by grouping one melanocyte and about 36 keratinocytes in the epidermis (Fitzpatrick et al, 1983) . UVB has long been known as a major physiologic stimulus on the skin pigmentary system, by inducing melanogenesis and melanin pigmentation directly and indirectly. The important role of this system is thought to be a photoprotection by absorbing, scattering the solar radiation. Epidemiologic studies demonstrated that the constitutive melanin is photoprotective. Indeed, highly pigmented races are less susceptible to UV-induced skin cancers than lightly pigmented races (Epstein, 1989) . A comparative in vitro study showed that DNA from lightly pigmented melanocytes contained a significantly higher number of cyclobutane pyrimidine dimers than did DNA from heavily pigmented melanocytes after UVB treatment (Barker et al, 1995) . DNA damage in melanocytes and excision repair of this damage have been shown to be one of the important initial signals in the pigmentation responses to UV radiation (Gilchrest et al, 1993; Eller et al, 1994 Eller et al, , 1996 , although the mechanism by which these melanosomes are subsequently transferred to keratinocytes is unknown. In parallel, UVB inhibits melanocyte proliferation that is correlated with the prolonged overexpression of p53 and p21 proteins and the inhibition of retinoblastoma protein phosphorylation . p53 downregulates the tyrosinase activity in human melanoma cell lines (Kichina et al, 1996) , and upregulates the tyrosinase activity in normal human melanocytes (Barker et al, 1995) .
Although the effects of UVB on the skin pigmentary system have been well documented, the influences of heat have not been studied at length. This study represents an attempt to characterize the effects of heat on normal human melanocyte functions. We compared the effects of heat and UVB on cellular morphology and proliferation, p53 and p21 expressions, and melanogenesis. We reported that heat inhibited melanocyte growth, and increased the p53 and p21 protein expressions, and that heat stimulated melanogenesis by increasing the tyrosinase (dopa-oxidase) activity, and also by increasing the number of dopaand tyrosinase-related protein (TRP-1) positive melanocytes in coculture with keratinocytes. These results suggest that heat could be considered as one of the environmental stimuli on skin pigmentary system.
MATERIALS AND METHODS

Cell cultures
Human melanocytes were isolated and cultured according to the method described previously (Nakazawa et al, 1993) . Fibroblasts were isolated from human foreskin dermal tissue and fed with fibroblast growth medium based on Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% new-born calf serum, 100 UI penicillin per ml, 25 µg gentamicin per ml, and 1 µg amphotericin B per ml. Human keratinocytes were isolated and cultured as described previously with some modifications (Rheinwald and Green, 1975) . The keratinocytes were seeded onto a lethally irradiated human foreskin fibroblast feeder layer in keratinocyte growth medium consisting of DMEM:Ham's F-12 medium (3:1 mixture) supplemented with 10% fetal bovine serum, 10 ng epidermal growth factor per ml, 5 µg insulin per ml, 5 µg transferrin per ml, 20 pmol triiodothyronine per liter, 0.4 µg hydrocortisone per liter, 10 -10 mol choleratoxin (CT) per liter, 0.18 mmol adenine per liter, and the antibiotics.
Treatments of the cells Melanocytes in monolayer culture or epithelial sheet were treated for 3 d with heat (1 h at 42°C) or UVB (20 mJ UVB per cm 2 ) using a BLE-8T312 lamp with a peak emission at 312 nm and an irradiation dose was controlled by a computerized internal programme (Spectronics, Stratagene, Ozyne, Montigny-Le-Bretonncux, France) (Nakazawa et al, 1994) . The pigmented skin equivalent was treated with heat (1 h at 42°C) or UVB (100 mJ UVB per cm 2 ) for 7 d, as described previously by others (Archambault et al, 1995; Bessou et al, 1996) .
Melanocyte survival assay Melanocytes were seeded into 6 well plates (Falcon, Meylan, France) at a density of 5000 cells per cm 2 and incubated at 37°C for 2 d, then treated with UVB or heat for 3 d. The cells were harvested at days 2, 4, 6 and 8 after the treatments, and counted using a cell counter (Coulter, Margency, France). Data represent the mean number of cells in 6 wells per condition and the SD was less than 8%.
Tyrosinase activity on cell lysate Tyrosinase activity was determined using L-Dopa after treatment with UVB and heat. L-Dopa and L-tyrosine have been shown to be two key substrates of tyrosinase (Slominski et al, 1988) . The cells were cultured in the medium without 12-O-tetradecanoyl-phorbol-13-acetate (TPA), CT, bovine pituitary extract, and basic fibroblast growth factor for 3 d before the treatment. The cells (1 ϫ 10 6 ) were lysated with 2 ml 1% Triton X-100, then incubated with 0.1% L-Dopa in 0.1 M phosphate buffer (pH 7.4) for 1 h at 37°C. The absorbance was measured at 450 nm by a spectrophotometer. Data represent the mean Ϯ SD (percentage of control).
Western blot and tyrosinase activity The cells were washed, scraped with ice-cold phosphate buffered saline, and collected by centrifugation. The cells were resuspended in the lysis buffer (50 mM Tris-HCl, pH 7.5 containing 1 mM ethylenediamine tetraacetic acid, 10 mM dithiothreitol, and 0.2% Triton X-100), then homogenized and centrifuged at 15,000 rpm for 5 min. Quantitation of the total protein in the sample was done by Bicinchoninic acid method (Pierce, Interchim, France). The supernatant (whole cell lysates) with 15 or 30 µg protein per sample was subjected to 8% sodium dodecyl sulfatepolyacrylamide gel electrophoresis, and either stained the gel with L-Dopa or transferred onto a polyvinylidene difluoride membrane (Amersham, Pharmacia, Les Ulis, France). Prior to blotting, Ponceau S [3-hydroxy-4-(2-sulfo-4-(sulfophenylazo)phenylazo)-2,7-naphthalene disulfonic acid] was used routinely to verify and to locate molecular weight markers. The polyvinylidene difluoride membrane was incubated for 2 h at room temperature in a blocking solution [25 mM Tris-HCl (pH 7.6), 150 mM NaCl with 0.1% Tween 20 (TBS-T), and 5% nonfat milk] and incubated with monoclonal antibodies against p53 (1:1000 dilution, NCL-p53-DO7; Novocastra, Le Perray-Yveline, France) and p21 WAF1 (1:200 dilution, b-1; Oncogene Science, Tebu, France) in TBS-T and 3% bovine serum albumin overnight at 4°C. After washing with TBS-T four times, the membrane was incubated with anti-mouse horseradish peroxidaseconjugated secondary antibody (1:2000 dilution; Amersham), and detected with chemiluminescence system according to the manufacturer's protocol (ECL detection kit and Hyper film ECL; Amersham). For tyrosinase activity, sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels were washed with phosphate buffered saline and stained with 0.1% L-Dopa in 0.1 M phosphate buffer at room temperature for 10 min. Results were quantitated by scanning densitometry.
Epithelial sheet preparation and tyrosinase assay Keratinocytes and melanocytes were mixed in a ratio of 5:1 and seeded on lethally irradiated human fibroblasts at a density of 750,000 cells per 75 cm 2 , then cultured in KM-1 medium that was a 1:1 mixture of melanocyte and keratinocyte growth medium. After 3 d at confluence, the cultured epithelial sheets were treated with UVB and heat for 3 d, and then detached from the culture dish by neutral protease dispase II treatment. The epithelial sheets were fixed in 10% neutralized formalin for 15 min at room temperature and incubated with 0.1% L-Dopa in 0.1 M phosphate buffer (pH 7.4) for 5 h at 37°C. L-Dopa-positive melanocytes were examined and counted in 9-16 randomly selected microscopic fields per condition, using a magnification of ϫ200. Data represent the mean Ϯ SD, and statistical signification was calculated using the ANOVA test.
Pigmented skin equivalent preparation Pigmented skin equivalent was prepared as described previously with few modifications (Nakazawa et al, 1997) . The epidermis was prepared by directly seeding keratinocytes and melanocytes (mixed in a ratio of 5:1) at the same time. The pigmented skin equivalent was fed with KM-1 medium, lifted to the air-liquid interface on wire grids to allow keratinocytes to differentiate, and cultivated for another 2 wk. TRP-1 is one of the best-characterized melanocyte differentiation proteins associated with melanin synthesis (Vijayasaradhi et al, 1991; Tobin et al, 1994) . TRP-1-positive melanocytes were counted in 30-63 randomly selected microscopic fields per condition, using a magnification of ϫ100. Data represent the mean Ϯ SD, and statistical signification was calculated using the ANOVA test.
Histology The pigmented skin equivalent were embedded in OTC compound (Miles, Immunotech, Marseille, France) and frozen in liquid nitrogen. Five to 10 µm thick cryostat sections were processed for immunologic studies using the avidin-biotin peroxidase complex method with 3,3Ј-diaminobenzidine and nickel chloride according to the manufacturer's protocol (Vectastain Elite ABC reagent, VECTOR, Biosys S.A., Compiegne, France) and counter-stained 
RESULTS
Heat treatment induced the morphologic changes in melanocytes Human melanocytes maintained in the medium for melanocytes exhibited dendritic morphology with small cytoplasm (Fig 1A) . Under these culture conditions, the morphologic change in melanocytes was seen after heat treatment, whereas there were no significant morphologic changes in UVB-treated melanocytes (Fig 1B) . Heat-treated melanocytes showed an increased dendricity and exhibited a larger cell body (Fig 1C) . A similar result was obtained from a different donor.
Heat and UVB treatments influenced cell growth by increasing the p53 and p21 expressions The effects of UVB and heat on The western blot analysis of the p53 and p21 expressions in foreskin melanocytes nontreated (control) (-), treated with UVB (20 mJ per cm 2 ) (UVB), or treated with heat (HS) (42°C for 1 h) for 3 d. The cell extracts were prepared at 6 h after the final treatment. Results were quantitated by scanning densitometry, and the control was presumed to be 100%. A similar result was obtained with melanocytes from adult skin. melanocyte growth are shown in Fig 2. After multiple treatments with heat or UVB, melanocytes had a lower survival than nontreated melanocytes (58-62%), but the cells could resume proliferation within 6 d in the same manner as seen in nontreated melanocytes (Fig 2) . The population doubling time was 2.70 Ϯ 0.05 d in heat-treated cells and 2.90 Ϯ 0.22 d in UVB-treated cells, whereas it was 3.22 Ϯ 0.30 d in nontreated cells during this period.
Both p53 and p21 play a critical role in the cell cycle regulation, such as DNA repair, apoptosis, and DNA replication. We found that the p53 and p21 proteins were constitutively expressed under all conditions in normal human melanocytes from three different donors, regardless of their proliferating status. The expression levels of two proteins were increased following multiple treatments with UVB or heat (121.7 and 117.1% of control with p53, 125.5 and 126.5% of control with p21, respectively) (Fig 3) .
Heat and UVB treatments increased the tyrosinase (dopaoxidase) activity The tyrosinase activity determined by dopa- oxidase activity (per 30 µg protein) in sodium dodecyl sulfatepolyacrylamide gel electrophoresis showed the major band in the range of 70-80 kDa and the minor band Ͼ 120 kDa, and its activity was increased after the treatments with UVB or heat (108.6% and 115.2%, respectively) (Fig 4B) . The dopa-oxidase activity (per 10 6 cells) on cell lysate showed a small increase after the treatments with UVB or heat (102 and 105%, respectively) (Fig 5) .
Heat and UVB treatments increased the number of dopa-and TRP-1-positive melanocytes in coculture with keratinocytes
The number of dopa-positive melanocytes was greatly increased by UVB or heat treatments (160.7 and 154.4% of control, respectively, p Ͻ 0.01 and p ϭ 0.05) ( Table I ). Figure 6 shows the dopa-positive melanocytes in nontreated (Fig 6A) , UVB-treated (Fig 6B) , and heattreated epithelial sheets (Fig 6C) .
Similarly, the number of TRP-1-positive melanocytes was greatly increased after the treatments with UVB or heat (137 and 152% of control, respectively, p Ͻ 0.001) ( Table II) .
DISCUSSION
We compared the responses of melanocytes with two major solar stimuli, UVB and heat. The results provide the evidence that heat regulates melanocyte functions in a similar manner to UVB.
The morphologic feature of melanocytes is particularly important in the subsequent transfer of melanosomes within keratinocytes (melanin pigmentation) after production of melanosomes in melanocytes (melanogenesis). Melanocytes loaded with melanosomes do not impart a brown color to the skin, and the obligatory presence of melanosomes within keratinocytes is required (Fitzpatrick et al, 1983) . In in vitro monolayer culture, melanocytes showed increased length and number of dendritic processes after exposure to UVB (Friedmann and Gilchrest, 1987) . In vivo experiments demonstrated that melanocytes developed an enlarged perikarya and a greater number of enlarged dendrites after UVB irradiation (Snell, 1963) . In our basic culture condition, melanocytes developed an enlarged cytoplasm and more numerous dendrites after heat treatment, whereas the morphologic change was indistinguishable after UVB treatment. This may possibly have resulted from our basic culture condition where melanocytes exhibit multidendritic morphology.
In normal skin, the accumulation of p53 protein after treatment with chemical or UV is thought to be involved in a specific response to DNA damage correlated with G1 arrest in the cell cycle (Kastan et al, 1991) . In human melanocytes, it has been shown that p53 and p21 were expressed at basal levels and at high levels for at least 48 h after single UVB irradiation (35 mJ per cm 2 ) . The cellular consequences of p53 induction differ among different cell types. In some cases, a high level of p53 expression results in a cell cycle block at G1 (Martinez et al, 1991) , and a direct induction of apoptosis is triggered in other cells (Yonoshi-Rouach et al, 1991) . In addition, the effects on the cell cycle of cells at different stages was completely different (Lu and Lane, 1993) . In HL-60 cells, heat-induced apoptosis has been shown to occur predominantly in the G1 cells (He and Fox, 1997) . Under our monolayer culture condition, the expression of p53 was constant, and a high percentage of melanocytes were in the G1 phase (86-91%). There was increased expression of p53 after the multiple treatments with UVB or heat. In the study of cell proliferation, the number of cells was greatly decreased by the treatments with UVB and heat. This is consistent with the idea that sustained expression of high levels of p53 triggers the apoptotic response after DNA damage (Clark et al, 1993; Lowe et al, 1993; Lu and Lane, 1993) .
Usually, a decrease in melanocyte survival and proliferation is accompanied by an increase in melanin content after UVB treatment (Friedmann et al 1987; Barker et al, 1995) . Similarly, our results showed the increased tyrosinase activity after UVB or heat treatments (three times). Following multiple UVB irradiations (15 mJ per cm 2 , three times), normal human melanocytes have been shown to be arrested in G2 phase and to increase tyrosinase activity (Abdel Malek et al, 1994) . UVB irradiation of mouse Cloudman melanoma cells (20-30 mJ per cm 2 ) resulted in an increase in cell number in the G2/M phase, and the maximum melanocyte stimulating hormone binding was seen during this phase (Bolognia et al, 1994) . These results support the hypothesis that stimulation of melanogenesis is a cellular response to injury, such as UV radiation, and this stimulation of melanogenesis may protect the cells from further DNA damage (Bolognia et al, 1994) .
It has been suggested that p21 expression is intricately involved not only with p53-mediated cell cycle arrest, but also with cellular responses to differentiation signals. In human melanoma cells, a relationship between expression of p21 and melanoma evolution and differentiation has been shown (Jiang et al, 1995) . Similarly, p21 induction in hepatoma cells by differentiation-induced agents was associated with their differentiation phenotypes (Steinman et al, 1994) ; however, both of these responses were down the p53-independent pathway. In normal human melanocytes, the expression of p21 could also be p53 independent in the stimulation of melanogenesis after UVB or heat treatments. This was not resolved in our study.
Because cellular responses are somewhat changed by their culture conditions, in monolayer or three-dimensional systems, and by paracrine factors from their neighboring cells, we examined melanocyte responses to UVB and heat in coculture with keratinocytes in epithelial sheets and in pigmented skin equivalents. In coculture with keratinocytes in epithelial sheets, melanogenesis was greatly stimulated by UVB or heat treatments. In addition, there were no differences between melanocytes treated with UVB and those treated with heat. Similarly, in coculture with keratinocytes and fibroblasts in pigmented skin equivalents, the number of TRP-1-positive melanocytes was greatly increased after the treatments. Contrarily, the dopa-oxidase activity in melanocytes in monolayer culture, which theoretically represents the tyrosinase activity per cell, was increased only slightly after UVB and heat treatments. This is perhaps because basal melanin levels are already high in melanocytes in our monolayer culture condition that contains TPA and CT (Halaban et al, 1983) . Even though TPA and CT have been removed for 3 d before the treatment, this may not be sufficient to abrogate the effect of these substances. It is more probable that their neighboring cells are absent, because there are TPA and CT in the culture medium for the epithelial sheet and skin equivalent, although an exact comparison cannot be made between the different culture systems, and the possibility that increased melanocyte proliferation had also occurred cannot be ruled out. Various paracrine factors from keratinocytes and fibroblasts have been known to play an important role in melanogenesis, and the synthesis of some of these factors, such as basic fibroblast growth factor and endothelin-1 (Halaban et al, 1988; Imokawa et al, 1992) , can be upregulated following UV irradiation. Heat has been shown to induce the expression of basic fibroblast growth factor gene (Erdos, 1995) and the release of FGF 1 from NIH 3T3 cells (Jackson et al, 1992) . More recently, it has been reported that HSP 27 facilitates basic fibroblast growth factor release from endothelial cells (Piotrowicz et al, 1997) . Modulation of the activity of these factors could possibly be involved in the changes of melanogenesis after heat treatment. Comparative study of the responses of fibroblasts from ethnically and ecologically different populations to heat showed that the cells of the people living in the hot desert synthesize significantly higher levels of HSP than those living in moderate climate region (Lyashko et al, 1994) . The association between the paracrine factors from neighboring cells and HSP in melanocytes remains to be determined. Solar radiation has long been known to be the principal environmental stimulus in skin pigmentary system. On the other hand, it has been suggested that the formation of melanin is not only a specific response to sunlight exposure but also forms part of a nonspecific response of the epidermis to damage and death of cells as observed in the case of nonspecific hyperplasia (Morison, 1985) . Although melanin formation occurs readily with air or water-cooled UV radiation sources in which there is little or no elevation of skin temperature, the erythema resulting from UV irradiation may elevate the skin temperature, and an increase in temperature is suggested to accelerate in vitro melanin formation (Fitzpatrick and Szabo, 1959) . Our results confirmed these ideas at the molecular and cellular levels.
We reported the regulatory effects of heat on melanocyte functions, the inhibition of melanocyte growth, the upregulation of p21 and p53 expressions, and the stimulation of melanogenesis by increasing the number of dopa-and TRP-1-positive melanocytes in coculture with keratinocytes. Heat may share significant biologic activities with UVB in melanocyte functions. These reactions could be considered as one of the protective or adaptive responses of the skin pigmentary system to the environment. 
